The longhorn beetle Dorysthenes paradoxus (Faldermann, 1833) (Coleoptera: Cerambycidae) is not only a serious agricultural pest but also a traditionally edible insect in China. However, no genetic information on this species has been acquired. In the present study, we report the mitochondrial genome (mitogenome) of Do. paradoxus, as the first complete mitogenome of Prioninae. The circular mitogenome of 15,922 bp encodes 13 protein-coding genes (PCGs), 22 transfer RNAs (tRNAs), and two ribosomal RNAs (rRNAs), and it contains an A+T-rich region. This mitogenome exhibits the lowest A+T content (71.13%) but harbors the largest AT skew (0.116) among the completely sequenced Cerambycidae species. Eleven of the 13 PCGs have a typical ATN start codon, whereas COI and ND1 are tentatively designated by AAT and TTG, respectively. Only 4 of the 13 PCGs harbor a complete termination codon, and the remaining 9 possess incomplete termination codons (T or TA). Apart from tRNASer(AGN), the other 21 tRNAs can fold into a typical clover-leaf secondary structures. The Do. paradoxus A+T-rich region contains two poly-T stretches and a tandem repeat that comprises two 47-bp-long copies. Both Bayesian inference and Maximum likelihood analyses confirmed the subfamily ranks of Cerambycidae ([Prioninae + Cerambycinae] + Lamiinae) and the close relationship between Philinae and Prioninae/Cerambycinae. However, the data did not support the monophyly of Prioninae and Cerambycinae. The mitogenome presented here provides basic genetic information for this economically important species.
The longhorn beetle Dorysthenes paradoxus (Faldermann, 1833) (Coleoptera: Cerambycidae) belongs to the insect subfamily Prioninae, within the family Cerambycidae. This species is widely distributed in China. In general, this species is considered a serious agricultural pest that attacks the underground stems of gramineous crops, such as maize, sorghum, rice, sugarcane, and bluegrass (Yan et al. 1997 ). In the Shanxi and Liaoning Provinces of China, the adult beetle has been traditionally accepted and used as an edible insect with a long history of use. In the sample collection site used in this study, each year on the day that autumn begins, many people like to capture the adults of the beetle after a rain. In recent years, the price of this beetle has soared. However, little attention has been paid to biological studies of this beetle, although its life cycle, habits, and morphological characteristics of four developmental stages and the digestive tract have been investigated (Yan et al. 1997 , Hao et al. 1999 ). In the GenBank database, only four nucleotide sequences for three mitochondrial DNA fragments encoding partial COI (GU130426 and KJ159158), lrRNA (GU130418), and srRNA (GU130410) genes are available. Even though the genetic background is in high demand, no genetic information has been acquired.
With the aim to provide more useful information for studies of the population structure and genetic diversity of Do. paradoxus, in the present study, the complete mitogenome sequence of this economically important species was determined. This genome is the first mitogenome in the subfamily Prioninae, so we performed a phylogenetic analysis based on the available complete mitogenome sequences to provide insight into the phylogenetic relationships within the family Cerambycidae.
Materials and Methods

Specimen and DNA Extraction
Adult beetles were captured at Beiqiuzhang village (N35°32′42.05″; E111°27′39.42″), Gujiang town, Jiangxian county, Shanxi Province, China on 8 August 2015. The freshly collected specimens were preserved immediately in 95% ethanol. The specimens were identified as Do. paradoxus based on the morphology by Prof. Hong Fang (Department of Entomology, College of Plant Protection, Shenyang Agricultural University, China). Total genomic DNA was extracted from the leg muscle tissue of an adult individual using the Trace DNA Extraction Method ). The partial leg was immersed in the extraction buffer (10 mM/liter Tris-HCl, pH 8.0, 10 mM/liter EDTA, pH 8.0, 100 mM/liter NaCl, 2% SDS, 0.039 M/liter DTT, and 100 mg/liter Proteinase K) and then treated with the traditional phenol/chloroform method. In our laboratory, this method has been confirmed to be suitable to extract total genomic DNA from animal, insect, plant, and microorganism samples.
PCR Amplification and Sequencing
The entire mitogenome of Do. paradoxus was amplified in 14 overlapping fragments (Table 2 ). In the first step, four fragments were successfully amplified with universal insect PCR primers (Simon et al. 2006) . Then, seven species specific primer pairs (Dp1-14) were designed, based on the initial sequences of the four obtained fragments and three mitochondrial DNA fragments available in the GenBank database (COI, lrRNA, srRNA) . Finally, we designed three primer pairs (Dp15-20) to fill the remaining gaps corresponding to Nie et al. (2017) the sequences from GU130426, GU130418, and GU130410. PCR amplifications were done using TaKaRa LA Taq or EX Taq polymerase (Takara Biotechnology Co. Ltd., Dalian, China), under the following procedure: 94°C for 2 min, followed by 35 cycles of 1 min at 94°C and 1 min at 50-55°C, with a subsequent 10 min final extension at 72°C. All amplified products were sequenced firstly using upstream and downstream primers from both directions and later by primer walking. Sanger sequencing was performed at SinoGenoMax Co., Ltd., Beijing, China. When we attempted to sequence the AT-rich region, the occurrence of a polyT (12) at positions 15,132-15,143 and a polyA (21) at positions 15,841-15,861 made their internal sequencing results unreadable. To address this issue, several primers based on the possible sequence deduced by the indefinite sequencing results of primers Dp21-F and Dp22-R were used. Fortunately, primer Dp23-F and its reverse complement primer Dp24-R, paired with Dp21-F and Dp22-R, respectively, were suitable for amplification and sequencing which allowed us to cover the remaining gaps.
Sequence Annotation and Genomic Analysis
The partial mitogenome of Prioninae sp. (Coleoptera: Cerambycidae) is available in GenBank, so we used it as the reference sequence for mapping the amplified fragments of Do. paradoxus. The overlapping sequences were manually checked and assembled into a complete mitogenome via the alignment of neighboring fragments using the Clustal X program (Thompson et al. 1997) . Protein-coding genes (PCGs) were identified by comparison with sequences from other Cerambycidae species. The 5ʹ ends of PCGs were assumed to be at the first legitimate in-frame start codon ATN in an open reading frame (ORF) that was not located within an upstream gene encoded on the same strand. A truncated stop codon (T or TA) adjacent to the beginning of the downstream gene was designated the termination codon (Wolstenholme 1992) . The transfer RNA (tRNA) genes and their secondary structures were identified using the MITOS web server (Bernt et al. 2013) . The large rRNA (lrRNA) gene was annotated to extend to the boundaries of the flanking tRNA Leu (CUN) and tRNA
Val
. The 3ʹ end of the small rRNA (srRNA) gene was annotated to be adjacent to the start of tRNA Val , whereas the 5ʹ end was determined by comparing orthologous sequences of other known mitogenomes. The entire A+T-rich region was subjected to a search for the tandem repeats using Tandem Repeats Finder program (Benson 1999) . Composition skew was used to describe the base composition of nucleotide sequences, with the relative number of As to Ts (AT skew = (Perna and Kocher 1995) . Overlapping regions and intergenic spacers between genes were counted manually. Circular genome maps 
[A -T]/[A + T]) and Gs to Cs (GC skew = [G -C]/[G + C])
85-106
were generated by OrganellarGenomeDRAW (Lohse et al. 2013) and revised by hand. The sequence data were deposited in GenBank under accession MG460483.
Phylogenetic Analysis
To reconstruct the phylogenetic relationships among Chrysomeloidae species, a total of 17 available Cerambycidea mitogenomes, including 13 Cerambycinae and 4 Chrysomelidae, were used (Table 1 ). The mitogenome of Spiniphilus spinicornis (Lin & Bi, 2011) (Coleoptera: Vesperidae), which belongs to Philinae of Vesperidae, was also included due to its association with Prioninae of Chrysomeloidae in their adult morphology (Nie et al. 2017) . One neuropteran species, Polytoechotes punctatus (Fabricius) (Neuroptera: Polystoechotidae) (Beckenbach and Stewart 2009 ), served as an outgroup. The nucleotide sequences of each of the 13 PCGs were translated into amino acid sequences then aligned with default settings, and these resultant alignments were retranslated into nucleotide alignments by MEGA 6.06 (Tamura et al. 2013) . The alignment was done with Muscle using default settings. The sequences of 13 PCGs were then concatenated to allow a more complete analysis (Hassanin 2006) . In the present study, the nucleotide sequence of ND5 in Massicus raddei (Blessig) (Coleoptera: Cerambycidae) was excluded due to probable sequencing misread. Bayesian Inference (BI) and Maximum likelihood (ML) methods were used for phylogenetic analysis. The GTR + G + I model was selected by the Akaike information criterion in MEGA 6.06. BI analysis was performed using MrBayes v3.1.2 (Huelsenbeck and Ronquist 2001) , with posterior distributions estimated using Markov chain Monte Carlo (MCMC) sampling. The MCMC search was conducted for 100,000 generations, and sampling was done every 100 generations. The average standard deviation of split frequencies was below 0.01. Then, the first 25% of the trees were discarded as 'burn-in', and posterior probabilities were estimated for each node. For ML analysis, PhyML v3.0 (Guindon and Gascuel 2003) was used with the following conditions: equilibrium frequencies as 'empirical', proportion of invariable sites as 'estimated', number of substitution rates categorized in fours, gamma shape parameter as 'estimated', and starting tree as 'BIONJ'. The confidence values of the ML tree were evaluated via a bootstrap test with 100 replications. The obtained phylogenetic trees were visualized with Treeview 1.6.6 (Page 1996) .
Results and Discussion
General Features of the Do. paradoxus Mitogenome
In the present study, we sequenced the entire mitogenome of Do. paradoxus by PCR amplification in 14 overlapping fragments with universal insect primers and species specific primers ( Table 2 ). The complete mitogenome sequence of Do. paradoxus is 15,922 bp in size, which is the largest among the completely sequenced Cerambycidae insects. This mitogenome shares typical metazoan genes (Fig. 1, Table 3 ), including 13 PCGs, 22 tRNA genes, 2 rRNAs, and a noncoding A+T-rich region (Wolstenholme 1992) . The gene arrangement and orientation of this mitogenome are identical to those of the completely sequenced coleopteran insects, with the ancestor gene order tRNA Ile 
-tRNA
Gln
-tRNA
Met located between the A+T-rich region and ND2. The nucleotide composition of the mitogenome of Do. paradoxus is biased toward As and Ts, which account for 71.13% of the base pairs (A 39.67%, G 11.00%, T 31.45%, and C 17.87%). The bias value is the lowest among the completely sequenced Cerambycidae species (Table 1) .
The AT skew of the forward strand of the mitogenome of Do. paradoxus is slightly positive (0.116), indicating the occurrence of more As than Ts. This case is the largest among previously sequenced Cerambycidae mitogenomes. The GC skew of Do. paradoxus mitogenome is -0.238, which is well within the range of all analyzed Cerambycidae mitogenomes.
Coding Regions of the Do. paradoxus Mitogenome
Among 13 PCGs, 11 have a typical ATN start codon: 6 have an ATG (ND2, ATP6, COIII, ND4, ND4L, Cytb), 2 have an ATC (COII, ATP8), and 3 have an ATT (ND3, ND5, ND6) . The remaining two PCGs begin with atypical codons: COI with AAT and ND1 with TTG, as found in Aeolesthes oenochrous (Fairmaire) (Coleoptera: Cerambycidae) (Chiu et al. 2016) . AAT (Asparagine) is highly conserved in coleopteran Polyphaga (Sheffield et al. 2008) , and TTG (Leucine) has been proposed as the start codon of ND1 in Anopheles quadrimaculatus Say (Diptera: Culicidae) and Tricholepidion gertschi Wygodzinsky (Insecta, Zygentoma) (Mitchell et al. 1993 , Nardi et al. 2003 . Only 4 of the 13 PCGs harbor a complete termination codon (three TAA and one TAG), the remaining 9 possess incomplete termination codons (4 T and 5 TA).
The Do. paradoxus mitogenome bears a typical set of 22 tRNA genes (1 specific for each amino acid and 2 each for Leucine and Serine). These tRNAs are scattered throughout the mitogenome, between rRNAs and PCGs, with sizes ranging from 63 bp for tRNA Cys 
Noncoding Regions of the Do. paradoxus Mitogenome
The Do. paradoxus mitochondrial genes harbor a total of 49-bp intergenic spacer sequences, which are spread over 10 regions and range in size from 1 to 21 bp. The longest one is located between tRNA Ser (UCN) and ND1 contains the 5-bp-long motif (TACTA), which is conserved across Cerambycidae species ( Fig. 2A) . This region is present in most insect mitochondrial DNA, even though the nucleotide sequence can be quite divergent Whiting 2008, Kim et al. 2009 ). This motif has been suggested to be a possible recognition site for mtTERM protein, the transcription termination peptide (Taanman 1999) . The Do. paradoxus mitogenome has a total of 10-bp overlapping sequences that vary in length from 1 to 7 bp in four regions. The longest overlap of 7-bp overlap was found with the reading frames of ATP8/ATP6, which is common in insect mitogenomes (Boore 1999) . The remaining three overlaps are involved in tRNAs.
The 1,180-bp A+T-rich region, located between srRNA and tRNA Ile , exhibits the highest A+T content of 82.71% (A 44.07%, G 6.95%, T 38.64%, C 10.34%) in the mitogenome. In coleopteran insects, the presence of tandem repeats in the mitochondrial A+T-rich region has been observed, including 21 copies of a 58-bp repeat element in Trachypachus holmbergi Mannerheim (Coleoptera: Trachypachidae), 6 tandem repeats of a 312-bp sequence in Priasilpha obscura (Herbst) (Coleoptera: Phloeostichidae), 3 ~96-bp tandem repeat copies in Chaetosoma scaritides Westwood (Coleoptera: Melyridae), and 7 copies of 57-bp tandem repeats in Psacothea hilaris Pascoe (Coleoptera: Cerambycidae) (Sheffield et al. 2008 , Kim et al. 2009 ). In the Do. paradoxus A+T-rich region, a tandem repeat comprising two 47-bp-long copies was identified, beginning from nucleotide number 15,315 with regard to the Do. paradoxus mitogenome. The nucleotide sequence of repeat 1 is almost identical to repeat 2 (Fig. 2B) . The repeat sequence comprises >91.67% A+T, which is higher than that of the whole A+T-rich region. Moreover, the Do. paradoxus A+T-rich region includes two poly-T stretches: one is 12 bp long (position: 15,132-15,143) in the majority strand, and the other is 21-bp long (position: 15,841-15,861) in the minority strand near the tRNA Ile . It has been verified that the latter poly-T stretch is a structural signal for the recognition of proteins that are involved in replication initiation, at least among holometabolous insects (Zuker et al. 1999) .
Phylogenetic Relationships
In the present study, we intended to use the 18 complete or near complete mitogenomes available to date, including 13 Cerambycidae, four Chrysomelidae and one Vesperidae, to evaluate the phylogenetic relationship within the superfamily Chrysomeloidea. According to the morphological characters, the 13 Cerambycidae mitogenomes used in this study are derived from four subfamilies, i.e., Prioninae (Do. paradoxus, Prioninae sp.), Cerambycinae (Ae. oenochrous, Ma. raddei, Xy. grayii) , Lamiinae (An. chinensis, An. glabripennis, Ap. swainsoni, Ba. lineolata, Mo. alternatus, Ps. hilaris, Th. gebleri) , and Lepturinae (Rh. mordax). The mitogenome of Sp. spinicornis, belonging to Philinae of Vesperidae was also included due to its problematic status (Nie et al. 2017) . Their phylogenetic relationships were reconstructed based on the nucleotide sequences of 13 PCGs with BI and ML methods ( Fig. 3A and B) . The phylogenetic analyses yielded almost identical topological relationships, indicating the presence of two distinct groups: Cerambycidae and Chrysomelidae, which is consistent with the morphological analysis and the previous findings (Nie et al. 2017 ). In our phylogenetic analyses, Lepturinae (Rh. mordax) is closely related to Chrysomelidae, rather than Cerambycidae, indicating that the taxonomy status of Rh. mordax needs to be reconsidered. Both BI and ML analyses confirmed the subfamily rank of Cerambycidae ([Prioninae + Cerambycinae] + Lamiinae) with high support values (100% for BI and 63% for ML), the monophyly of Lamiinae, with the nearest relationship being between Philinae (Sp. spinicornis) and Prioninae/Cerambycinae. BI analysis supported the monophyly of Prioninae and Cerambycinae, and the nearest relationship between Prioninae and Philinae with 100% posterior probabilities. However, the monophyly of Prioninae and Cerambycinae, and the nearest relationship between Prioninae and Philinae were not recovered in ML analysis. These results suggested that the monophyly of Prioninae and Cerambycinae and their relationship with Prioninae should be further studied in the future. The direction of the genes is presented as F for forward and R for reverse direction. OL denotes inside genes overlap. IGS represents the intergenic spacer sequences. Fig. 3 . Phylogeny of Chrysomeloidea species. Phylogenetic tree inferred from the nucleotide sequences of 13 PCGs by Bayesian inference (A) and maximum likelihood (B). The numbers close to the nodes specify posterior probability values and bootstrap percentages, and values higher than 50% are shown.
